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ABSTRACT
Early daily actinometric and cloud cover data from Caceres (SW of Spain) were recovered for the period
1913–1920. The task of retrieving and digitising early actinometric data series turn out highly required due to
the lack of solar radiation data throughout the first half of twentieth century. Firstly, the Arago actinometer
and the procedure employed to record the actinometric data were described in detail. Additionally, in spite of
being a short series, trends from recovered actinometric data were analysed. A negative trend of
(0.16±0.03) C/year was obtained for all-sky conditions, reaching a marked value of (0.26±0.04) C/year
when cloud-free days were selected in the analysis. Both trends were statistically significant at the 95%
confidence level. The Katmai eruption in June 1912 likely caused anomalous low actinometric records in
1913 and 1914. These results suggest a decrease of solar radiation in Caceres during the second decade of the
twentieth century which is in accordance with the final stage of the long-term negative trend in solar
radiation data observed at several European sites from late nineteenth century to the beginning of the
twentieth century (‘early dimming’).
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1. Introduction
Recovering meteorological measurements of the past is a
task of great interest due to the fact that long-term changes
in the Earth climate are the most serious issue among envir-
onmental problems at present (IPCC, 2013). Therefore,
there is a huge interest in recovering early meteorological
data that are only available in manuscript and printed
books. There are several initiatives to provide machine-read-
able versions of these data. For example, Domınguez-
Castro et al. (2017) recovered more than 300,000 meteoro-
logical data for the period 1754–1905 in Latin America and
the Caribbean. Moreover, other initiatives can be cited such
as the Atmospheric Circulation Reconstructions over the
Earth (ACRE) (Allan et al., 2011, 2016) (http://www.met-
acre.org/) and the International Data Rescue (I-DARE)
(https://www.idare-portal.org/). In particular, some efforts
have been made in Iberia (Alcoforado et al., 2012;
Domınguez-Castro et al., 2014a, 2014b). These works have
recovered a lot of meteorological data, mainly related to
temperature, pressure and rainfall, but other meteorological
variables as cloudiness or solar radiation are under-repre-
sented. There are only some works that have started this
task (Anton et al., 2014; Laken and Vaquero, 2015; Anton
et al., 2017).
Since solar radiation is the primary energy source for
physical processes and phenomena in the atmosphere,
early data of this variable are necessary for long-term
studies (see, e.g., Russak, 2009). Unfortunately, solar
radiation data in the past are very scarce because the
measure of this variable is relatively recent. In general,
systematic measurements of solar radiation are available
since the second half of the twentieth century and we
only have a few records before 1950 (Wild, 2005; Anton
et al., 2014; Stanhill and Achiman, 2017). In the case ofCorresponding author. e-mail: jvaquero@unex.es
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actinometric data, the first regular continuous measure-
ments in the world were initiated in the middle of the
twentieth century (Matuszko, 2014). We have found and
recovered early actinometric measurements in Caceres
(Spain; 39 280 N, 6 220 W) for the period 1913–1920.
This dataset could contribute to the reconstruction of the
solar radiation climate series in that epoch.
Thanks to the studies carried out about solar radi-
ation, it can be shown how the amount of solar radiation
that reaches the Earth’s surface is not steady, suffering
significant decadal variations (Wild, 2009). Studies analy-
sing long-term records of surface radiation measurements
suggest a widespread decrease in surface solar radiation
between the 1950s and 1980s (‘global dimming’), with a
more recent partial recovery at many locations
(‘brightening’) (Wild, 2009). For example, Russak (2009)
analysed direct solar radiation measurements (recorded
by an actinometer) and diffuse solar radiation measures
(recorded by a pyranometer) for the period 1955–2007 in
Estonia. Results show a statistically significant decrease
of solar radiation (global and direct) for the period
1955–1992. Many authors showed this decrease (e.g.
Stanhill and Cohen, 2001; Hatzianastassiou et al., 2005;
Wild, 2005; Ohmura, 2009; Sanchez-Lorenzo et al., 2013).
On the other hand, other authors found an ‘early
brightening’ in the first half of the twentieth century,
which seems to be statistically significant (e.g. Stanhill
and Cohen, 2005, 2008; Lachat and Wehrli, 2013).
However, other solar radiation datasets show no evidences
of this ‘early brightening’. For instance, Anton et al. (2014),
who studied solar radiation for the period 1911–1928 in
Madrid (Spain) from pirheliometric data, observed a small
decrease for the period 1914–1928, although it was not stat-
istically significant. This finding agrees with other results,
which do not evidence an increase of solar radiation values
during this period (e.g. Hoyt, 1979; Ohvril et al., 2009;
Anton et al., 2017; Kazadzis et al., 2018).
Therefore, there is a controversy in the scientific com-
munity about the trend of the solar radiation at the
Earth’s surface in the first half of the twentieth century,
and the analysis of the actinometric data recovered in
Caceres (Spain) for the period 1913–1920 can contribute
to clarify this open issue.
Thus, the two aims of the present work were (1) to
describe in detail the Arago actinometer and the data
recorded by this instrument in Caceres observatory and
(2) to analyse the behaviour of the actinometric series
(1913–1920) for both all sky and cloud-free conditions,
taking into account cloud cover information which is also
available together with actinometric records for the study
period. The structure of the paper is as follows: Section 2
describes the instrument data used for the study. The
method used for the analysis of the actinometric data,
and the corresponding results are presented in Sections 3
and 4, respectively. Finally, conclusions of this study are
presented in Section 5.
2. Instrument and data
The dataset of actinometric measurements here recovered
and analysed were recorded in Caceres (Spain) with an
Arago actinometer during the period 1913–1920. Thus,
the actinometric data are used as an indirect measure-
ment of solar radiation. The first references to an actin-
ometer appeared at the middle of the nineteenth century
(Herschel, 1844). The actinometer evolved in a multitude
of variants related only for its same purpose: the meas-
urement of the solar radiation. One of these versions was
named Arago actinometer. Although there is not any ref-
erence to this instrument in the works of Arago, a proto-
type was found in his scientific instrument collection
(Besson, 1927). It is also known as Arago-Davy actinom-
eter since M. H. Marie-Davy used extensively this instru-
ment at the Montsouris Observatory (Marie-Davy, 1875).
Marie-Davy (1875) explains in detail this instrument
and its characteristics. Arago actinometer (Fig. 1) consists
on a pair of bright- and black-bulb thermometers, each
one enclosed in a plane-glass spherical envelop from
which the air has been exhausted. The installation of this
instrument in the Montsouris Observatory by H. Marie-
Davy can be seen in Fig. 1. When it is exposed to the
sunshine, the black bulb attains a higher temperature
than the bright-bulb, and the difference between the two
thermometers is an index of the amount of solar radi-
ation reaching the Earth’s surface (Marie-Davy, 1875).
Marie-Davy (1875) proposed the equation I ¼
aðT 0  TÞ to convert the difference of temperatures
T 0Tð Þ to solar irradiance I, a being a calibration con-
stant obtained by a linear fit. Years later, Besson (1927)
improve this first methodology proposing the equation
I ¼ ðaþ bTÞðT 0  TÞ
where T 0 and T are the temperatures of the black and the
bright bulk thermometers, respectively, and the constants
a and b must be determined. To find the value of these
constants, Besson (1927) made a series of measurements
during the years 1923 and 1924 using a Crova actinom-
eter as a reference (Crova, 1888) and making a fit using
the least squares method.
In other studies of that epoch, other methods to carry
out that transformation were proposed. For example,
Guilmet (1931) proposed the following equation
I ¼ C1 1nð ÞDTsen H þ C2nDT
where C1 and C2 are two coefficients to be determined, n
is the amount of cloudiness measured in tenths of covered
2 N. BRAVO-PAREDES ET AL.
Fig. 1. Installation of Arago actinometer from Marie-Davy (1875).
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sky, H is the height of the Sun and DT ¼ ðT 0  TÞ is the
temperature difference. For the calculation of the coeffi-
cients C1 and C2, measurements are taken on completely
clear days (n¼ 0) and on completely cloudy days (n¼ 1),
respectively. Guilmet (1931) calculates C1 and C2 comparing
the Arago actinometer measurements with Gorezynski solar-
imeter measurements. This author obtained that coefficient
C1 is a function of the height of the Sun (H) taking the val-
ues 0.290, 0.266, 0.242, 0.218 and 0.205 cal cm2min1 C1
for H values equal to 15, 30, 45, 60 and 75, respect-
ively. The coefficient C2 obtained by Guilmet (1931) was
equal to 0.164 cal cm2min1 C1.
During the nineteenth century, several attempts to
establish a meteorological station in Caceres were made.
However, these activities did not have continuity. At the
best of our knowledge, the oldest meteorological data
were published in the newspaper entitled ‘Boletın de la
Agencia de Caceres’ in 1844. Continuous meteorological
data began in Caceres in 1906 on a terrace of the
‘Instituto Provincial de Segunda Ense~nanaza’, located in
the historic centre of the city, World Heritage Site by
UNESCO since 1986 (Cardallaiguet, 1997). The coordi-
nates of this place are: 39 280 2300 N, 6 220 1200, 460
masl (see Fig. 2). This station belongs to the Spanish offi-
cial network of meteorological stations managed by
AEMET (Almarza et al., 1996).
Original data of actinometric measurements and cloud
cover are preserved in the Library of the Regional Office
in Extremadura of State Meteorological Agency of Spain
(AEMET), in a log-book of the Caceres station that
covers the period 1906–1923. Unfortunately, there are not
actinometric data in other log-books for this station.
A brief description of the installation of the Arago
actinometer in the terrace of this High School appears in
this log-book. According to this annotation, the Arago
actinometer used in Caceres consisted on a pair of bright-
and black-bulb thermometers made by Tonnelot with refer-
ence numbers 38140 and 38135. They were located on a
board in the terrace. Unfortunately, the difference of tem-
peratures of the actinometric data series here presented can-
not be transformed to solar irradiance. The Arago
actinometer was probably lost when the High School was
transferred to another building in the year 1964. Therefore,
it is impossible to estimate the coefficients of the equation
used by Guilmet (1931).
Cloud cover measurements were also taken in the same
period in Caceres. Actinometric data were registered at
16:00 (Local Time, LT) (for the period 1913–1920) and at
13:00 (LT) (for the year 1923). Unfortunately, there is a gap
for the period 1921–1922. Cloud cover data were recorded
in fraction of covered sky, from 0 (clear sky) to 4/4 or 10/10
(covered sky) depending on the period as follows. For the
period 1913–1920, cloud cover measurements were registered
at 8:00 (LT) and at 16:00 (LT) in fourths of covered sky.
For the period 1921–1922, measurements were taken at 8:00
(LT), at 13:00 (LT) and at 18:00 (LT) in tenths of covered
sky. Finally, for the year 1923, measurements were taken at
8:00 (LT) and 16:00 (LT) in tenths of covered sky.
In the present study, actinometric and cloud cover
data were analysed for the period 1913–1920, in which
Fig. 2. Old map of the city of Caceres (Spain) showing the position of the meteorological station located at the terrace of the
High School.
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both data series were read at the same time (16:00 LT).
Therefore, it can be assumed that the two observations
are strongly related each other.
3. Analysis method of actinometric series
The study of trends for actinometric series is performed
by the linear regression analysis applied on the daily time
series. Since the evolution of actinometric measurements
present a clear seasonal behaviour (not shown) related to
the well-known global solar radiation dependence on the
annual cycle of the solar elevation (Iqbal, 1983), the sea-
sonal behaviour has been evaluated and thus the daily
time series has been deseasonalised.
This seasonal behaviour of the difference of the read-
ings of the pair of bright- and black-bulb thermometers
in the Arago actinometer, S, can be estimated as the aver-
age of all actinometric measurements recorded in the same
day of the year (from 1 to 365) of the whole period
(1913–1920). Once this seasonal pattern has been calculated,
the deseasonalised daily values, D, can be obtained as:
Dij ¼ Aij  Sj (1)
where the seasonal values (Sj) are subtracted from the
daily values of actinometric measurements (Aij). The sub-
index i denotes the year (from 1913 to 1920), and the
sub-index j the day of the year. Finally, actinometric ser-
ies trends can be evaluated for the period 1913–1920
using the deseasonalised daily values.
Cloud cover data are used to analyse actinometric ser-
ies trends without the effects of clouds. Thus, those days
with all cloud cover observations equal to zero fourth (0/
4) are selected in order to analyse the trends exclusively
under cloud-free conditions.
Furthermore, the trends are calculated for each season of
the year as for all-sky conditions as for cloud-free cases.
For this goal, a linear regression analysis is applied to four
annual time series inferred from the deseasonalised daily val-
ues for winter (Dec–Jan–Feb), spring (Mar–Apr–May),
summer (Jun–Jul–Aug) and autumn (Sep–Oct–Nov).
4. Results and discussion
Figure 3 shows the evolution of the deseasonalised daily
time series (Eq. (1)) derived from the actinometric data
from January 1913 to December 1920 in Caceres (Spain).
This time series is smoothed with deseasonalised monthly
values (black line), which have been obtained in a similar
way to deseasonalised daily values.
A slightly decline in the deseasonalised daily values can
be seen over the 1913–1920 period. To verify this assump-
tion, the trend from these deseasonalised daily values is
obtained for the whole period. The slope of the trend line
(±standard error) is negative with a value of
(0.16± 0.03) C/year, being statistically significant at the
95% confidence level. When only cloud-free days (0/4
cloud cover) are included in the analysis, the resulting
trend is notably more negative (0.26± 0.04 C/year),
being also statistically significant. It is worth to mention
the marked decrease observed in the beginning of the
period, over the years 1913–1914, which may likely be
related to the effects of the Katmai eruption in early June
1912 in Alaska. The Katmai eruption was the most
powerful in the twentieth century in the world (Hildreth
and Fierstein, 2012).
Table 1 shows the slope of the trend lines analysis of
deseasonalised daily values for each season, and their
uncertainty (standard error) for the whole period
1913–1920. Additionally, linear trends are also calculated
under cloud free conditions, that is, those days with all
cloud cover observations equal to zero fourth (0/4).
Those trends statistically significant at the 95% confidence
Fig. 3. Evolution of the deseasonalised daily time series for actinometric data from January 1913 to December 1920 in Caceres (Spain).
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level are in bold. Spring, summer and autumn show nega-
tive trends for both all-sky and cloud-free analysis, being all
statistically significant. For these three season, it must be
highlighted that the magnitude of cloud-free trends are sub-
stantial larger than all-sky trends. Winter trends are positive
but without statistical significance.
The notable magnitude of the trends obtained in the
present study using cloud-free days may be likely related
to the non-negligible influence of atmospheric aerosols
over the annual variations of the solar radiation reaching
the surface. This remarkable result is in agreement with
two recent works using measurements recorded in
Madrid. The first of them, Anton et al. (2017) (see their
Fig. 3) who showed a significant decrease of the clearness
index under cloud-free conditions in summer for the
period 1915–1922. The other one, Aparicio et al. (2019)
who also reported a significant decrease in atmospheric
column transparency from pyrheliometer measurements
(selecting cloud-free solar disk cases) during the
period 1910–1925.
All results reported above are also in accordance with
several works (Brazdil et al., 1994; Brunetti et al., 2009;
Sanchez-Lorenzo and Wild, 2012; Founda et al., 2014;
Matuszko, 2014; Stanhill and Achiman, 2017) which
reported a significant decline of the solar radiation data
between the last part of the nineteenth century and the
beginning of the twentieth century in different European
areas, calling this phenomenon as ‘early dimming’.
Therefore, the negative trends observed for the actinomet-
ric data in Caceres could be associated with the final evo-
lution of this ‘early dimming’, which has been related to
the strong increase of black carbon emissions since mid-
nineteenth century (Novakov et al., 2003; McConnell
et al., 2007; Lamarque et al., 2010).
Finally, it must be highlighted that the ‘early brighten-
ing’ likely started after 1920s in Spain, in agreement with
other studies in different European sites, which centred
this controversial issue between the late 1930s and the
mid-1950s (Sanchez-Lorenzo and Wild, 2012; Founda
et al., 2014; Matuszko, 2014; Manara et al., 2015;
Sanchez-Lorenzo et al., 2015).
5. Conclusions
Early daily actinometric and cloud cover data from
Caceres (Spain) have been recorded and digitised for the
period 1913–1920. The functioning of the Arago actinom-
eter and its characteristics are known thanks to the early
publications described in Section 2. The scarcity of solar
radiation data during first half of twentieth century high-
lights the recovery and study of series with a great poten-
tial for clarify the past evolution of the surface
solar radiation.
In spite of being a short series, trends from recovered
actinometric data were analysed in Caceres for the period
1913–1920. It has been found a decrease of
(0.16± 0.03) C/year, which is statistically significant at
the 95% confidence level. Under cloud-free conditions, a
statistically significant decrease of (0.26± 0.04) C/year
at the 95% confidence level has also been found. The ana-
lysis of the actinometric data for each season shows stat-
istically significant negative trends for summer, spring
and autumn for both all-sky and cloud-free condition.
To sum up, the solar radiation reaching at surface
likely suffered a decrease during the second decade of the
twentieth century in Caceres, with a high evidence for
cloud-free days. This decrease may be included in the
final stage of the long-term negative trend observed in
the solar radiation data at several European sites between
the last part of the nineteenth century and the beginning
of the twentieth century (‘early dimming’).
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